Introduction
============

In fungi, mating and sexual propagation are controlled by chromosomal regions, known as mating-type loci, which determine the two opposite sexes. Mating-type loci have been studied most thoroughly in *Saccharomyces cerevisiae*. In this ascomycetous yeast, 'α' and '**a**' strains carry transcriptionally active mating-type loci called '*MAT*α' and '*MAT***a**'. The *MAT*α mating-type locus comprises two genes, α1 and α2, which encode MATα1 and MATα2 proteins (Haber, [@b31]). MATα1 is a transcription factor (TF) with a characteristic α-box DNA-binding domain to promote expression of α-specific genes, including genes that express the α-factor mating pheromone and the Ste2 pheromone receptor for the opposite mating pheromone (the **a**-factor) (Herskowitz, [@b33]; Galgoczy *et al*., [@b29]; Ni *et al*., [@b55]). *MAT*α2 encodes a homeodomain protein, which cooperates with Mcm1 to repress **a**-specific genes that produce the **a**-factor and the Ste3 pheromone receptor (Bardwell, [@b3]). Similarly, the *MAT***a** locus encodes two proteins. The first, MAT**a**1, is a homeodomain TF with a highly conserved DNA binding domain; the second, MAT**a**2, is a protein of unknown function (Herskowitz *et al*., [@b34]).

In diploid cells, MAT**a**1 and MATα2 form a heterodimer that switches off haploid-specific but supports diploid-specific gene expression (Booth *et al*., [@b10]). Unlike filamentous ascomycetes, *S. cerevisiae* has the ability to switch mating type. Two intact but silent copies of the mating-type alleles, *HMLα* (Hidden MAT Left) and *HMR***a** (Hidden MAT Right), are located at opposite ends of the same chromosome that harbors *MAT.* These alleles serve as donors that allow a *MAT***a** cell to switch to *MAT*α, or vice versa (Butler *et al*., [@b15]).

Unlike ascomycetous yeasts, the structure of the mating-type loci is different in filamentous ascomycetes, and no mating-type switching has been observed to date (Debuchy *et al*., [@b20]). Instead, heterothallic strains carry one of two nonallelic idiomorphs called *MAT1-1* or *MAT1-2*. These mating-type loci determine the 'sex' of the corresponding strains (Debuchy and Turgeon, [@b19]; Pöggeler, [@b62]; Ni *et al*., [@b55]; Haber, [@b31]). The two mating-type idiomorphs typically carry one to several mating-type genes (Glass *et al*., [@b30]; Staben and Yanofsky, [@b73]). All idiomorphs encode conserved TFs, which act as major regulators of sexual communication and mating (Nelson, [@b54]; Debuchy and Turgeon, [@b19]). The conserved TF encoded in *MAT1-1* is characterized by an α-domain, which shows high similarity to the α-domain TF in the *S. cerevisiae* mating-type locus. The conserved TF encoded by *MAT1-2* contains a high mobility group (HMG) domain that has no similarity to the mating-type TFs in yeast, but it is found in TFs of diverse lower or higher eukaryotes. Functional analyses of mating-type loci have shown that the encoded TFs are involved in both mating and sexual development (Kronstad and Staben, [@b45]; Ni *et al*., [@b55]).

We previously discovered mating-type loci in diverse strains of the penicillin producer, *Penicillium chrysogenum*. Although Alexander Fleming initially discovered a *P. chrysogenum* strain that carries a *MAT1-2* locus, all currently used production strains, derived from a contaminated cantaloupe, exhibit the *MAT1-1* locus (Hoff *et al*., [@b35]). As just described, these *MAT* loci encode either an α domain or HMG TF. We recently described new functions for the *MAT1-1*-encoded α-domain TF. Functional analyses provided further evidence that, in addition to sexual mating, MAT1-1 controls developmental processes of biotechnological relevance, such as penicillin biosynthesis, conidiation and hyphal morphology (Böhm *et al*., [@b12]).

Here, we functionally characterized a *MAT1-2* locus from a wild-type strain that like other wild-type isolates produces a rather low penicillin titer compared with recently characterized industrial *P. chrysogenum* strains (Böhm *et al*., [@b12]). Our data revealed that the mating-type locus not only affects sexual development but also asexual development and morphology. We also found that the characterized *MAT1-2* wild-type strain was able to mate with an industrial penicillin producer strain carrying a deviant karyotype. Genome sequencing of parental strains and ascospore progeny, when compared with recently published genome sequences (van den Berg *et al*., [@b6]; Specht *et al*., [@b72]), indicated that even highly developed industrial strains, which have undergone several rounds of mutagenesis, have retained the capacity for sexual recombination. Based on genome sequencing data and SNP calling, we derived a genome-wide recombination map for ascospore progeny. Our data highlighted a potential for using sexual recombination to generate industrial strains with novel genetic properties.

Results
=======

Construction of *MAT1-2-1* deletion, complementation and overexpression strains
-------------------------------------------------------------------------------

Previously, we identified *MAT1-1* and *MAT1-2* loci in different strains of *P. chrysogenum* (Hoff *et al*., [@b35]). All production strains derived from the Wisconsin lineage (NRRL1951) carry the *MAT1-1* locus, but derivatives of the original Fleming strain and diverse wild-type isolates contain the *MAT1-2* locus. One of the latter isolates is Pc3 (IB 08/921), which was shown to undergo sexual reproduction with an improved *MAT1-1* strain that was a direct descendent of a wild-type isolate (Böhm *et al*., [@b12]). For further characterization, we amplified the *MAT1-2* locus from Pc3, and the derived sequence showed high similarity to *MAT* loci in the Fleming isolates, NRRL1249B21 and NRRL824 (Hoff *et al*., [@b35]). The identified open reading frame encoded a protein with the conserved HMG domain, which comprised 13 putative DNA-binding sites ([Fig. S1](#sd1){ref-type="supplementary-material"}). The HMG coding sequence contains a conserved intron after the first nucleotide of the invariant serine codon, which is present in all known ascomycetous *MAT1-2-1* genes (Debuchy and Turgeon, [@b19]).

Sequences adjacent to both *MAT* idiomorphs are highly conserved in most filamentous ascomycetes, with more than 95% nucleotide identity. They are flanked by *SLA2* and *APN2*, as previously described for other filamentous ascomycetes (Dyer, [@b22]; Hoff *et al*., [@b35]; Pöggeler *et al*., [@b65]; Kück and Böhm, [@b46]). The deletion construct, pKOMAT (Table S1), was transformed into Pc3 to substitute the native *MAT1-2-1* with the phleomycin resistance cassette. Four independent transformants were generated, and the precise deletion of the *MAT1-2-1* gene was verified by Southern analysis ([Fig. S2A](#sd1){ref-type="supplementary-material"}). Using the deletion strain ΔMAT1-2-1 T10 as host, we constructed complementation strains (ΔMAT1-2-1::MAT1-2-1) by ectopically integrating the wild-type *MAT1-2-1* gene copy, combined with a nourseothricin (*nat*) resistance marker, into the genome. On plasmid pKompMAT2, the *MAT1-2* locus is under the control of its native promoter. The successful rescue of the deletion was analyzed by Southern hybridization using radiolabeled *MAT1-2-1* specific probes ([Fig. S2B](#sd1){ref-type="supplementary-material"}). We investigated nine transformants and identified two strains with a single copy of the *MAT1-2-1* gene (T24, T26), which were chosen for further functional analyses ([Fig. S2B](#sd1){ref-type="supplementary-material"}).

In reverse, we also studied MAT1-2 function by constructing *MAT1-2-1* overexpression strains. Besides wild-type Pc3, we chose P2niaD18, a high penicillin-producing *MAT1-1* strain, as hosts for transformation experiments. Plasmid pPgpd-MAT-2-ptrA ([Fig. S3A](#sd1){ref-type="supplementary-material"}) with the *MAT1-2* locus under the control of the strong constitutive *gpd* promoter from *Aspergillus nidulans* was ectopically integrated into the genomes of both strains, and copy numbers of pPgpd-MAT-2-ptrA were determined in the two hosts by Southern hybridization ([Fig. S3B and C](#sd1){ref-type="supplementary-material"}). For further studies, we selected six strains carrying different copies of the transgene. As derivatives of P2niaD18, we selected P2MAT2-OE T1 (multiple copies of *MAT1-2*), and P2MAT2-OE T2 and T5 (both having two copies), while Pc3MAT2-OE T20 (multiple copies), Pc3MAT2-OE T26 (three copies) and Pc3MAT2-OE T23 (single copy) were derivatives of Pc3. Subsequent quantitative real-time polymerase chain reaction (qRT-PCR) analyses demonstrated that the extra copies of *MAT1-2-1* resulted in enhanced transcriptional expression of *MAT1-2-1* in all Pc3MAT2-OE strains. Compared with the reference wild-type Pc3, the overexpression strains showed elevated transcriptional expression of *MAT1-2-1*, with the highest value of 169-fold transcriptional expression for a single multicopy strain (Pc3MAT2-OE T26; [Fig. S3D](#sd1){ref-type="supplementary-material"}).

*MAT1-2* controls light-dependent sporulation
---------------------------------------------

We have already demonstrated that the *MAT1-1* locus of *P. chrysogenum* regulates transcription of a wide range of genes; thus, it controls processes such as penicillin biosynthesis, hyphal morphology and asexual sporulation (Böhm *et al*., [@b12]). To determine the involvement of the *MAT1-2* locus in asexual spore formation, we counted conidiospores in a defined area during long-term light illumination. These numbers were compared among Pc3, P2niaD18, and all recombinant *MAT1-2* and recombinant *MAT1-1* strains, revealing that Pc3 exhibited light-dependent sporulation after 168 h of growth (Fig. [1](#fig01){ref-type="fig"}). The number of conidiospores generated in light (4.2 × 10^8^ spores cm^−2^) was approximately twice the number generated in darkness (1.8 × 10^8^ spores cm^−2^). In contrast, the *MAT1-2-1* deletion strains showed increased sporulation in darkness, reaching levels (3.4 × 10^8^ spores cm^−2^) nearly equivalent to those observed in light (3.6 × 10^8^ spores cm^−2^). This suggests that repression of conidiation in darkness is abolished in ΔMAT1-2-1 strains. Moreover, the *MAT1-2-1* complementation strains exhibited a restored phenotype; the light--dark effect on asexual sporulation was comparable with that observed in wild-type Pc3. Similarly, *MAT1-2-1* overexpression resulted in light-dependent sporulation in both host strains (Fig. [1](#fig01){ref-type="fig"}).

![Quantification of light-dependent conidiospore formation of *MAT1-2* (A) and *MAT1-1* (B) strains. All strains were grown under constant light or in darkness for 168 h. From all recombinant transformants, three independent strains were chosen for analysis. Error bars represent mean ± SD (*n* = 3) from three independent experiments. Note the calibration of both axis is differently for both experiments.](mmi0095-0859-f1){#fig01}

Based on these data, we conclude that MAT1-2-1 acts as a repressor of light-dependent sporulation. The next question was whether *MAT1-2-1* expression is light dependent in wild-type or overexpression strains. As determined by qRT-PCR, none of the strains investigated showed up- or down-regulation of *MAT1-2-1* after long-term illumination ([Fig. S4A](#sd1){ref-type="supplementary-material"}). Likewise, during 168 h of illumination, genes for TF PcBrlA and diverse light receptors were not differentially expressed in wild-type or *MAT1-2-1* deletion strains ([Fig. S4B](#sd1){ref-type="supplementary-material"}).

*MAT1-2* controls germination and surface properties of conidiospores
---------------------------------------------------------------------

We then tested whether spore germination and surface properties were affected by MAT1-2-1.

Plotting germ tube emergence over time revealed that the recombinant *MAT1-2-1* strains derived from Pc3 germinated faster than wild type (Pc3). After 6 h of incubation, about 10% of all conidiospores derived from Pc3 had germinated, whereas 17% of the conidiospores from the *MAT1-2-1* deletion had germinated. Thus, deletion of *MAT1-2-1* led to an enhanced germination rate that correlated with a higher number of germ tubes. In the complementation strains, the germination rate was comparable with the wild-type level.

All strains showed a germination rate of 100% after 9 h of incubation (Fig. [2](#fig02){ref-type="fig"}), which is also visible in the images of Fig. [3](#fig03){ref-type="fig"}. A different picture was observed with P2niaD18 and its derivatives. The reference strain showed a germination rate of only 50% after 15 h of incubation, while the *MAT1-2-1* overexpression strains had a rate of only 10% after 15 h (Fig. [2](#fig02){ref-type="fig"}). This difference is also seen in Fig. [3](#fig03){ref-type="fig"}, where half of the conidiospores are not swollen and thus fail to germinate. Our results suggest that in the *MAT1-1* host, MAT1-2-1 acts as a repressor of germination and regulates the number of germ tubes. In contrast, in the wild-type strain, MAT1-2-1, had an activating effect on germination. Thus, depending on the mating type of the host strain, MAT1-2-1 plays a role in spore germination. Another observation was that the increased germination rate correlated with the appearance of two germ tubes at single conidiospores. Mostly single germ tubes were observed in wild-type Pc3, whereas in Pc2MAT2-OE, the majority of spores showed two bipolar germination tubes ([Fig. S5](#sd1){ref-type="supplementary-material"}).

![Time plot of conidial germ-tube emergence. Recombinant *MAT1-2* and reference strains were grown on solid media as indicated. From all recombinant transformants, three independent strains were chosen for analysis, except for the complementation strains, where two independent transformants were used. In all cases, 400 conidia from each strain were investigated for determination of germination rate as given in percentages. Bars in blue and red indicate the two different host strains, namely Pc3 and P2niaD18, and represent mean values (*n* = 3).](mmi0095-0859-f2){#fig02}

![Micrographs of germinating conidia and formation of spore clusters in strains as indicated. Insets show enlargements (twofold) of images, and the arrowhead points to agglutinated conidiospores. Scale bar corresponds to 100 μm in all images.](mmi0095-0859-f3){#fig03}

Another phenomenon observed during microscopic investigation of *MAT1-2-1* overexpression strains was enhanced conidiospore agglutination, where conidiospores attached to each other just before germination, and the spores germinated simultaneously (arrowhead in Fig. [3](#fig03){ref-type="fig"}). This phenomenon was observed in Pc3MAT2-OE and in recombinant strains derived from P2niaD18. Despite vortexing the spore suspensions before inoculation, the agglutination effect was still observed (data not shown). The strains formed clusters of up to 20 spores attached to each other. Agglutination was observed shortly before germination and led to the formation of pellet-like structures, a morphological feature probably responsible for the observed pellet phenotypes in diverse *MAT1-2-1* overexpression strains.

To further analyze the impact of MAT1-2-1 on pellet formation, we conducted time course experiments in liquid shaking cultures. Under these growth conditions, *MAT1-2-1* is transcriptionally expressed as confirmed by qRT-PCR ([Fig. S4B](#sd1){ref-type="supplementary-material"}). Reference and recombinant *MAT1-2* and *MAT1-1* strains were incubated for 48, 72, 96 and 168 h in liquid CCM, and 240 pellets of each strain at each time point were analyzed. Pellet phenotypes were distinct and consistent for the strains investigated. After 48 h of incubation, 85% of the pellets from strain Pc3 were 2000--4000 μm in diameter (Fig. [4](#fig04){ref-type="fig"}A, [Fig. S4B](#sd1){ref-type="supplementary-material"}). Over the time course of 168 h, the pellet sizes increased, and 65% of the final pellets were 4000--6500 μm in diameter. *MAT1-2-1* deletion strains did not show changes in pellet formation; the pellets displayed a similar size distribution pattern at each time point ([Fig. S7](#sd1){ref-type="supplementary-material"}). In contrast, the overexpression strains in Pc3 generated larger pellets than the reference strain, even after only 72 h of incubation (Fig. [4](#fig04){ref-type="fig"}A). At this time point, only 5% of Pc3 pellets were larger than 5000 μm, but in overexpression strains, 40% of the pellets were larger than 5000 μm, with a maximum diameter of about 7700 μm. At the same time, small pellets of about 2000 μm were also apparent, leading to a heterogeneous distribution of pellet sizes, which was more apparent in P2MAT2-OE strains. P2niaD18 exhibited pellets no larger than 1500 μm, even after 96 h of incubation (Fig. [4](#fig04){ref-type="fig"}B, [Fig. S4B](#sd1){ref-type="supplementary-material"}). Although the overexpression strains generated pellets of about 2000 μm in diameter after only 48 h of incubation, 40% of the pellets were smaller than 500 μm. After 96 h, the distribution pattern shifted towards larger pellets, where 40% of the pellets were 2000--4000 μm in size, and only 10% of pellets were about 500 μm in diameter.

![Pellet formation in liquid shaking cultures formed by reference and recombinant *MAT1-2* and recombinant *MAT1-1* strains. Error bars represent mean ± SD of 240 random pellets from three independent strains.A. Quantification of pellet diameter in *MAT1-2-1* overexpression strains in the Pc3 background grown for 72 h in liquid CCM culture.B. Quantification of pellet diameter in *MAT1-2-1* overexpression strains in the P2niaD18 background after 72 h of growth in liquid CCM. All pellet phenotypes are illustrated in representative micrographs.](mmi0095-0859-f4){#fig04}

These results demonstrate that MAT1-2-1 has an impact on conidiospore morphology and affects pellet morphology, independently of the genetic background of the host. We propose that the observed pellet morphologies arose as a consequence of conidiospore agglutination. Single germinating spores will form rather small pellets. However, the pellet diameter varies with the number of attached spores; thus, pellets of every size are formed.

Mating between wild-type and industrial producer strains
--------------------------------------------------------

Here and in a previous investigation, we showed that *MAT* loci in *P. chrysogenum* controlled developmental processes not related to sexual reproduction. Furthermore, a previous study showed that the *MAT1-1* locus is not required for fruiting body but for ascospore formation and therefore necessary for the completion of the sexual life cycle (Böhm *et al*., [@b12]). The next question was whether the *MAT1-2* locus is necessary for crossings between *MAT1-2* and *MAT1-1* strains.

The wild-type *P. chrysogenum* isolate from Peoria (Illinois) is a *MAT1-1* strain, designated NRRL1951, and the progenitor of Q176 and all derived industrial strains, including the sequenced Wisconsin 54-1255 (Fig. [5](#fig05){ref-type="fig"}) (van den Berg *et al*., [@b6]). Classical mutation of Wisconsin 54-1255 and selection programs resulted in a series of strains with at least an 85-fold increase in penicillin titer (Nielsen, [@b56]). Nippon Kayaku Co. (Japan) provided the producer P2, characterized by an amplified gene cluster carrying the three penicillin biosynthesis genes (Lein, [@b48]; Nielsen, [@b56]). Finally, UV mutagenesis resulted in a nitrate reductase-deficient strain, called P2niaD18 (Hoff *et al*., [@b35]). The recently published genomic sequence of P2niaD18 (Specht *et al*., [@b72]) shows at least two chromosomal rearrangements compared with the previously sequenced Wisconsin 54-1255 strain (van den Berg *et al*., [@b6]).

![Genealogy of penicillin production strains of *P. chrysogenum*. Dashed lines indicate conventional mutagenesis during strain improvement programs. Matings (×) of low-penicillin producer Q176 with wild-type Pc3 were performed, and ascospore isolate AS25 was obtained (Böhm *et al*., [@b12]). AS25 was further crossed with the industrial high-penicillin production strain P2niaD18. The *MAT* locus of each strain is indicated by blue for *MAT1-1* or red for *MAT1-2*.](mmi0095-0859-f5){#fig05}

To investigate the function of MAT1-2-1 in sexual development, we crossed Q176 with ΔMAT1-2-1 and Pc3 in two independent sets of experiments with at least 10 mating plates each. After 16 weeks of incubation, we observed cleistothecia only when the intact *MAT1-2* locus was present in the parental strain. In ΔMAT1-2-1 strains, we never observed fruiting body formation; this indicated that the encoded gene product is a prerequisite for completion of the sexual life cycle, as was shown for other ascomycetes (Ferreira *et al*., [@b25]; Desjardins *et al*., [@b21]; Pöggeler *et al*., [@b64]; Paoletti *et al*., [@b59]).

Next, we crossed diverse *MAT1-2* strains with the production strain P2niaD18 (*MAT1-1*), which has undergone several chromosomal rearrangements compared with its progenitor strain Q176 (Böhm *et al*., [@b12]). The *MAT1-2* strains included Pc3, the ascospore isolate AS25 (Böhm *et al*., [@b12]) and the Fleming strain (Hoff *et al*., [@b35]). After 5 weeks of incubation, 10 crosses were investigated for cleistothecia formation. Crosses with the Fleming strain formed no fruiting bodies after this time of incubation, while crosses with Pc3 produced infrequent cleistothecia. The most efficient crossing was obtained with AS25 (Fig. [5](#fig05){ref-type="fig"}). Therefore, further analyses were conducted with isolates from this crossing. Mature cleistothecia were collected for further ascospore isolation using a considerably modified procedure compared with previous reports (Böhm *et al*., [@b12]) in order to remove contaminating conidiospores. Cleistothecia were maintained at 60°C for 30 min to prevent germination of conidiospores; ascospores are known to be more resistant against heat in various *Penicillium* and *Aspergillus* species (Pitt and Hocking, [@b60]). To isolate asci and ascospores, cleistothecia were crushed by vortexing with glass beads for 5 min.

Isolated ascospores were screened for recombination at the molecular level by probing for 11 marker genes in a RFLP analysis and identifying the mating-type locus with Southern hybridization, as described previously (Böhm *et al*., [@b12]). Out of 100 isolates screened, we detected nine with a recombinant genotype. As discussed below, this rather low frequency of recombinant isolates can be explained by heterogeneity of the karyotypes of both parental strains and the incidence of recombination hot spots. To further investigate meiotic recombination at the genomic scale, we chose AS25-3, which carried marker genes obtained from both parental strains.

Genome sequencing, mapping and SNP detection
--------------------------------------------

We determined the genomic sequence of the wild-type strain Pc3 and two recombinant ascospore isolates, AS25 and AS25-3 (Fig. [5](#fig05){ref-type="fig"}) with next generation sequencing, and compared them to the recently published sequence of P2niaD18 (Specht *et al*., [@b72]). The Pc3 genome was sequenced in paired-end, 100 nt reads on an Illumina HiSeq 2000 system. In total, 13,751,610 reads were obtained, which represented a nominal coverage of ∼ 31-fold across the 32.4 Mb P2niaD18 genome. The processed reads were assembled *de novo* into 1151 scaffolds, with a minimum contig length of 1 kb and an N50 of 142,118 bp. All scaffolds represented 32,239,728 nt, which resulted in a ∼ 99% nominal coverage of the currently assembled P2niaD18 genome sequence. The main features of the Pc3 genome assembly are shown in Table [1](#tbl1){ref-type="table"}. The scaffolds were aligned to the improved genomic sequence of P2niaD18 to identify differences in the chromosomal architecture between the strains (Specht *et al*., [@b72]).

###### 

Main features of the *P. chrysogenum* Pc3 genome assembly

  ----------------------------- ---------
  Size of final assembly        32.2 Mb
  Number of scaffolds           1151
  N~max~ in bases               663,571
  Scaffold N~50~ in bases       142,118
  Number of gaps                1202
  Total gap length percentage   0.1
  GC percentage                 49.0
  ----------------------------- ---------

Compared with P2niaD18, we detected at least one chromosomal rearrangement in both contig 24 and contig 35 of Pc3. PCR analysis showed that sequences from contig 24 and contig 35 are translocated to opposite ends of chromosome I of P2niaD18 ([Fig. S8](#sd1){ref-type="supplementary-material"}). Remarkably, this translocation was confirmed for all tested strains of the Wisconsin lineage, including Q176 and Wisconsin 54-1255. However, NRRL 1951, the wild-type ancestor of all penicillin-producing strains had the same chromosomal architecture at this site as Pc3. To investigate genomic recombination among the ascospore isolates, the genomic sequences of AS25 and AS25-3 (for origins, see Fig. [5](#fig05){ref-type="fig"}) were determined by next-generation sequencing using 50 nt reads produced with the Illumina HiSeq 2000 system. After filtering, we obtained 15,860,919 reads for AS25 and 20,726,343 reads for AS25-3, resulting in nominal coverages of 22.2 × for AS25 and 27.8 × for AS25-3 (Table [2](#tbl2){ref-type="table"}). In a first comparison, SNP calling was performed with Pc3, the progenitor strain of AS25 and P2niaD18. We mapped 82.1% of the obtained reads for Pc3 to the reference genome sequence of P2niaD18, which represented a mean mapping quality score of 38.3- and 31.4-fold coverage. We identified 27,271 high-quality SNPs as defined in the *Experimental Procedures* section. This high number of SNP demonstrates the ability to distinguish strains and therefore differently inherited sequences on the genome of ascospore isolates.

###### 

Comparative analyses of parental and progeny strains of *P. chrysogenum.*

  Compared strains reads of mapped to   Resulting coverage   Analysis performed   High-quality SNPs[a](#tf2-1){ref-type="table-fn"}            
  ------------------------------------- -------------------- -------------------- ------------------------------------------------------------ --------
  Pc3                                   P2niaD18             31.4                 SNP calling and construction of Pc3 consensus sequence       27,271
  AS25                                  P2niaD18             22.2                 SNP calling to predict parental SNPs of AS25--3              21,133
  AS25                                  Pc3 scaffolds        22.8                 SNP calling                                                  397
  AS25-3                                P2niaD18             27.8                 SNP calling and construction of AS25--3 consensus sequence   22,430
  AS25-3                                AS25 consensus       28.0                 SNP calling                                                  11,816

SNPs with a quality score greater than 50 and an allele frequency of 1.0.

The *de novo* assembled genomic sequence of Pc3 was then used as a reference for SNP calling with the reads obtained from AS25. We mapped 92.0% of the processed AS25 reads to the 1118 *de novo* assembled scaffolds of Pc3, and only 397 high-quality SNPs were predicted. Similarly, the processed short reads from AS25 were mapped to the reference sequence of P2niaD18. The distribution of 21,133 high-quality SNPs between AS25 and P2niaD18 indicates a high genomic divergence of both strains. Sliding window analysis, counting all SNPs between AS25 and P2niaD18, shows an uneven distribution of all SNPs across the four chromosomes ([Fig. S9](#sd1){ref-type="supplementary-material"}). In addition, we constructed a consensus sequence of AS25 based on the P2niaD18 chromosome model. The AS25 consensus sequences contained 7497 gaps with a total gap size of 968,572 nt. The consensus sequence was further used as a reference to compare the genome sequences of ascospore isolate AS25-3 with its parental strain AS25. We succeeded in mapping 90.8% of all AS25-3 reads on the consensus sequence of AS25 and achieved 28.0-fold coverage. Thus, the overall SNP calling analysis showed a rather high similarity between Pc3 and AS25 and, at the same time, high sequence divergence with P2niaD18. These results are consistent with the observation that AS25 share most of the phenotypic properties of Pc3 (Böhm *et al*., [@b12]). This includes the rather low penicillin titer that depends on a large number of factors (Brakhage *et al*., [@b13]) that were modified in current production strains.

SNP calling was also applied to detect recombinant genomic regions in ascospore isolates. To achieve this, AS25-3 reads were mapped to the parental P2niaD18 sequence. In total, 86.8% of the processed short reads from AS25-3 were mapped to P2niaD18, resulting in 27.8-fold coverage. From this, we obtained a consensus sequence for AS25-3 that included 6135 gaps, with a total size of 887,230 nt. In addition, 1,252,628 nt were filtered out, due to insufficient coverage. The remaining consensus sequence represented 93.4% of the nuclear genome and showed sufficiently high quality for SNP calling analysis (Nielsen *et al*., [@b57]). In a comparison with the P2niaD18 sequence, we identified 22,430 high-quality SNPs in the AS25-3 sequence. To facilitate comparison of the different SNP analyses performed in this study, an overview of the results is shown in Table [2](#tbl2){ref-type="table"}. To verify the SNP calling results, DNA was randomly selected from genomic regions of all analyzed strains and amplified for Sanger resequencing. By comparing amplicons with consensus sequences, we tested and verified 77 SNPs, indicating that the results of the SNP calling were highly reliable.

Identification of differently inherited genomic regions in ascospore isolates
-----------------------------------------------------------------------------

To identify the different inherited regions in the AS25-3 genome, SNPs from both parental strains, P2niaD18 and AS25 ([Fig. S10](#sd1){ref-type="supplementary-material"}), were compared with the AS25-3 consensus sequence. We found that 72.7% of the high-quality SNPs could be unambiguously allocated to AS25, and 18.9% seemed to originate from P2niaD18. Based on these results, we performed sliding window analysis to uncover the distribution of recombinant regions on the AS25-3 genome (Fig. [6](#fig06){ref-type="fig"}A). Different colors indicate recombinations due to crossover, crossover-associated gene conversion or noncrossover gene conversion, as discussed below. For optimal resolution, we used 10 kb steps for a genome-wide scale and 500 bp steps for a detailed view in the sliding window analysis, and determined the frequency and thus distribution of SNPs. The majority of SNPs in AS25-3 were unique to AS25, and most of the windows that represented SNPs inherited from P2niaD18 were clustered in distinct regions. Areas with a low number of SNPs could not be assigned to either Pc3 or AS25 and are shown in white. Using a 10 kb sliding-window analysis, we calculated 301 recombination events within the 32.4 Mb genome of AS25-3.

![Genome-wide distribution of recombination events in AS25-3.A. High-quality SNPs of the parental strains P2niaD18 and AS25 were compared with the progeny AS25-3. For a genome-wide scale, sliding window analysis with 10 kb windows were performed to display the origin of the sequence. Regions clearly assigned to P2niaD18 are blue; regions inherited from AS25 are red.B. To validate selected crossing over sites in detail, 500 bp sliding window analysis and Sanger resequencing was performed. As an example, a recombination site within a 7 kb region, containing 27 SNPs, from chromosome II was verified (position is indicated by triangle). The predicted region of recombination, framed in yellow, is located between the two adjacent SNPs that are differently inherited.](mmi0095-0859-f6){#fig06}

To verify recombinant sequences further, we amplified DNA from three recombinant regions for Sanger sequencing (Fig. [6](#fig06){ref-type="fig"}, [Fig. S11](#sd1){ref-type="supplementary-material"}). From this analysis, we found that all selected regions contained DNA derived from both parental strains. In Fig. [6](#fig06){ref-type="fig"}B, a representative recombination site is shown with 27 SNPs on a 7 kb region between nucleotides 10,154,500--10,161,500 on chromosome II. Our data showed that the ascospore isolate AS25-3 was highly recombinant and that meiotic recombination had occurred during mating between the industrial *MAT1-1* penicillin-producer P2niaD18 and *MAT1-2* ascospore isolate AS25. Furthermore, our data provide evidence that backcrossing of an ascospore isolate with P2niaD18 increased the number of sequences derived from the industrial *MAT1-1-1* strain, and as discussed below, this has also been observed with other fungi carrying dissimilar karyotypes.

Discussion
==========

*MAT* locus-encoded TFs are involved in regulating mating and sexual development in filamentous fungi. These TFs are critical for *MAT* identity; they also govern the expression of pheromone and pheromone receptor genes and control meiosis-inducing genes (van Heeckeren *et al*., [@b32]; Debuchy and Turgeon, [@b19]). We recently demonstrated that a *MAT1-1-1* encoded TF had adopted additional functions in fungal development (Böhm *et al*., [@b12]). Here, we show that a *MAT1-2-1* encoded TF harboring an HMG domain regulating light-dependent conidiosporogenesis and the frequency of conidiospore germination. In contrast to the *MAT1-2-1* wild type, *MAT1-2-1* deletion strains had equivalent sporulation levels in light and darkness and a higher spore germination rate. Therefore, we propose that MAT1-2-1, albeit not differentially expressed upon long-term light illumination, acts as a repressor of light-dependent sporulation and conidiospore germination.

The HMG mating-type TF promotes sexual and asexual developmental processes
--------------------------------------------------------------------------

Filamentous fungi grow by forming a dense network of hyphae, which develops by hyphal tip extension and branching. In response to different environmental stimuli, such as light, nutrients or signaling peptides, fungi develop characteristic structures for either asexual or sexual reproduction. In *P. chrysogenum*, the balance between asexual and sexual development is controlled by light. Asexual development and conidiospore production typically takes places under light conditions and is repressed in darkness. Wild-type strains produce twice as many asexual spores in light compared with growth in complete darkness. However, sexual reproduction with the formation of fruiting bodies is induced in darkness and abolished by light (Böhm *et al*., [@b12]). The latter process resembles the light-controlled development observed in other filamentous fungi, e.g. *A. nidulans* or *A. fumigatus* (O\'Gorman *et al*., [@b58]; Sarikaya Bayram *et al*., [@b70]). In *A. nidulans* red light perceived by the phytochrome, FphA regulates the transition from asexual to sexual development. Red light activates asexual development with the production of conidiospores and stops sexual development (Idnurm and Heitman, [@b38]). In darkness, the sexual pathway is enhanced. Light sensing in fungi requires an appropriate system of receptors for detecting the different incoming light qualities (Blumenstein *et al*., [@b7]; Purschwitz *et al*., [@b67]; Bayram *et al*., [@b5]).

A similar role for regulating the balance of asexual and sexual development is also described for VeA (Calvo, [@b16]). This protein seems to act as a link between light sensing and development in *A. nidulans* (Bayram *et al*., [@b4]). In *P. chrysogenum,* VelA and VelB, two subunits of a homologue of the velvet complex control light-dependent asexual sporulation (Hoff *et al*., [@b36]; Kopke *et al*., [@b44]). The fact that deletion of *MAT1-2-1* shows the same phenotype as deletion of velvet subunits suggests that MAT1-2-1 and velvet subunits (TFs) act together in an identical signaling pathway for light-dependent sporulation. For *Fusarium verticillioides*, *MAT1-2-1* deletion strains showed a reduction in asexual sporulation under diurnal light conditions or in complete darkness (Bodor *et al*., [@b8]). Thus, depending on the fungal species, MAT1-2-1 appears to control various fungal developmental programs, and in *P. chrysogenum* probably ensures that sexual development takes place during darkness by repressing conidiosporogenesis.

Depending on whether the host strain carries the *MAT1-1* or *MAT1-2* locus, *MAT1-2-1* controls spore and germ tube formation differently. In the presence of MAT1-1-1, the introduction of MAT1-2-1 leads to a radical reduction in spore germination. Based on these results, one could speculate that the two *MAT* TFs form a heterodimer, which changes their DNA-binding activity and/or specificity. It is described for many TFs and sex-determining proteins of various species from yeasts to humans that homo or heterodimer formation changes their function in regulating developmental processes. In diverse yeasts, the heterodimeric **a**1-α2 complex represses haploid-specific gene expression and supports diploid-specific gene expression, which promotes meiosis (Booth *et al*., [@b10]). Similarly, in *Ustilago maydis*, bE and bW heterodimeric complexes promote a switch from the haploid yeast phase to the pathogenic dikaryotic phase with filament growth (Kämper *et al*., [@b41]). The human SOX (sex-determining region \[SRY\]-type HMG box) family of TFs is known to determine cell fate during organ development. Homodimers of SOX proteins inhibit DNA binding, while heterodimers support DNA-binding functions (Kasimiotis *et al*., [@b40]).

Independent of the host strain, we observed the formation of pellets with heterogeneous sizes. We hypothesized that this effect was due to enhanced conidiospore agglutination, which indicates that the *MAT1-2* locus regulates the surface properties of asexual spores. Pellet formation depends on several morphological processes. Pellets typically result from (i) aggregation of spores before germination, (ii) clustering of germ tubes, or (iii) aggregation of young mycelia. The process depends on the physicochemical and physiological characteristics of spores and hyphae (Prosser, [@b66]). Pellet size is affected by environmental factors, such as the concentration of the spore inoculum, the pH and composition of the growth medium; however, size is also affected by the genetic properties of particular fungal strains (Fomina and Gadd, [@b26]). Based on this and our previous results, we concluded that pellet size resulted from the length of the germ tubes (Böhm *et al*., [@b12]) and the surface properties of conidiospores. We hypothesize that the agglutination of spores results in larger-sized pellets, which reached a diameter of nearly 7000 μm. It was previously shown that the aggregation of spores is dependent on their surface properties, such as their electrical charge and hydrophobicity, and that aggregation leads to pellet formation (Clement *et al*., [@b18]; Jones, [@b39]). Additionally, the stability of the formed agglomerates depends on electrostatic forces, hydrophobic interactions and chemical interactions, such as polysaccharide bridging (Dynesen and Nielsen, [@b23]). The aggregated conidiospores attach to other germinating or nongerminated conidiospores, and the resulting aggregates accumulate to form so-called superaggregates (Dynesen and Nielsen, [@b23]). This phenomenon probably occurred with the *MAT1-2-1* overexpression strains described here. We propose that the *MAT* TF alters the surface properties of conidiospores, possibly by changing their hydrophobicity. The significant effects on pellet formation suggest that manipulating *MAT* genes might provide a novel strategy for strain improvement. Pellet formation is of great interest in industrial fermentation processes as pellet aggregation reduces the viscosity of the culture broth; lower viscosity facilitates shearing and aeration of the culture and thus promotes productivity due to enhanced supplies of oxygen and nutrients.

Our functional characterization of the *MAT1-2* locus from *P. chrysogenum* demonstrated that *MAT1-2-1*, similar to *MAT1-1-1*, functions in a broad spectrum of asexual developmental processes. However, the function of *MAT1-2* was clearly distinct from the opposite mating-type locus. For example, we observed no effect on penicillin production in any of the recombinant strains (Böhm, unpublished). In other ascomycetes, MAT1-2-1 is mainly described as a regulator of ascospore formation and fruiting body development, and regulates the expression of genes involved in sexual development or in the pheromone system. In basidiomycetes, the mating-type locus was already implicated in morphological changes. In *Cryptococcus neoformans*, the α allele of the *MAT* locus enhanced hyphal growth during fruiting compared with the a allele. Thus, isolates possessing the a allele produced shorter hyphae than isolates with the α allele (Lin *et al*., [@b50]). In the plant pathogenic basidiomycete *U. maydis*, the mating-type locus-encoded homeodomain TFs bE and bW are responsible for fungal proliferation in the plant host (Wahl *et al*., [@b75]).

Despite chromosomal divergences of parental strains, ascospore isolates carry highly recombinant chromosomes
------------------------------------------------------------------------------------------------------------

Our mating experiments clearly demonstrate that the *MAT1-2* locus is a prerequisite for completing a sexual life cycle. The *MAT1-2-1* deletion strain was unable to form cleistothecia in crossings with a *MAT1-1* strain. Our data are consistent with a recent report on the homothallic fungus, *Sordaria macrospora* (Pöggeler *et al*., [@b64]), where deletion of the gene for *MAT1-2-1* (*Smta*-1) encoding a homologous HMG TF resulted in mutant strains that lacked fruiting body formation. Similarly, other studies showed that sterile strains were obtained from *A. nidulans* and *A. fumigatus* when the homologous genes were deleted (Paoletti *et al*., [@b59]; Szewczyk and Krappmann, [@b74]).

In contrast to our previous crossing experiments (Böhm *et al*., [@b12]), we used strains for mating that are distinguished by deviant karyotypes. Recently, we showed that parental strain P2niaD18 has undergone several rounds of mutagenesis, leading to two major chromosomal rearrangements differing from the Q176 progenitor strain of the Wisconsin lineage (Specht *et al*., [@b72]). A further chromosomal rearrangement was observed when the derived Wisconsin strains were compared with the primary wild-type isolate (NRRL 1951). At this chromosomal site, NRRL 1951 resembles the chromosomal organization of the Pc3 *MAT1-2* wild type ([Fig. S7](#sd1){ref-type="supplementary-material"}).

Genome sequencing in concert with SNP calling allowed us to determine recombination events on the AS25-3 genome that might be due to crossovers, crossover-associated gene conversions or noncrossover gene conversions. The rather complex pattern of recombinant sequences and the high amount of recombination sites can be explained in several ways. Recent high-resolution mapping of meiotic recombination events in yeast showed that differences occurring in the distribution of crossovers and noncrossovers are other than expected by chance (Mancera *et al*., [@b51]).

Studies in yeast calculated 9.5 double recombination events per megabase within the progeny of two karyotypic similar yeast strains (Mancera *et al*., [@b51]). Taking a 10 kb sliding-window analysis, we found 301 recombinant regions, corresponding to 9.3 recombination events per megabase. Our finding of differently inherited SNPs is very similar to recombination mapping data in the malaria parasite *Plasmodium falciparum* (Samarakoon *et al*., [@b68])*.* Using high-throughput sequencing followed by a sliding window analysis, these authors showed a highly dissimilar distribution of differently inherited SNPs on chromosomes of sibling parasite clones. It was further shown that complex crossing over breakpoints are accompanied by a conversion tract, which is defined by rapid allele (SNP) changes.

Furthermore, early work with yeast showed that multiple heterozygosities significantly alter the outcome of recombination events, reducing the frequency of crossovers and simultaneously increasing the frequency of gene conversions. This lead to a high number of exceptional tetrads (Borts and Haber, [@b11]). The effect of heterozygosity on recombination was further studied by crossing two yeast strains selected due to their substantial genetic diversity, leading to elevated mitotic mutation rates in segregants of intraspecies yeast hybrids (Mancera *et al*., [@b52]). The rather high levels of heterozygosity within the two *P. chrysogenum* strains used for mating were demonstrated by genome sequencing (Specht *et al*., [@b72]) and identifcation of chromosomal rearrangements ([Fig. S8](#sd1){ref-type="supplementary-material"}). This let us to conclude that the high levels of heterozygosity between mating partners from *P. chrysogenum* are responsible for the mosaic and nonrandom distribution of parental genome sequences.

Compared with AS25, the genome of AS25-3 contained four-fold the number of SNPs assigned to the *MAT-1-1-1* parental strain. Thus, we demonstrate here that backcrossing products of a progeny strain with an industrial penicillin producer can cause an increase in the number of sequences derived from the industrial parent. We speculate that the increased recombination rate was caused by a change in chromosome architecture during the first mating. Most likely greater chromosomal similarity promotes a higher chromosomal recombination rate during meiosis. The elevated exchange of genomic sequences implies that further backcrossing could be used to combine strain-specific traits. It was previously suggested that the occurrence and extent of chromosome length polymorphisms within a species inversely correlate with the frequency of meiosis (Kistler and Miao, [@b43]). This hypothesis was based on the observation that extreme karyotypic variation was only found in species that reproduce asexually. Experimental proof was provided from crossing experiments with the model ascomycete, *S. macrospora*. In this ascomycete, strains of various geographic origins possessing a high degree of chromosome variability were crossed, which, depending on the chromosomal configuration, reduced fertility in sexual crossings (Pöggeler *et al*., [@b63]).

Our data on chromosomal recombination are relevant to the constant commercial demand for constructing novel production strains. For instance, genes that control hyphal morphology, mycotoxin production and antifungal resistance are of particular economic importance (Anderson, [@b2]; Keller *et al*., [@b42]). Furthermore, our work provides options for combining genome biology with conventional genetic and culturing techniques and, thus, has implications for optimizing penicillin production in industrial strains.

In conclusion, this study has extended the concept of using mating-type loci for classical strain improvement (Pöggeler, [@b61]). Moreover, the new technique of crossing industrial producers combined with rapidly acquired genomic information will provide a basis for future targeted searches to identify genes relevant for penicillin biosynthesis. Thus, our results point to future strategies that integrate available molecular tools for *P. chrysogenum* and applying sexual lifecycle selection. This approach, previously called 'concerted breeding' (Esser, [@b24]), will increase our knowledge about complex metabolic pathways and provide solutions for improving industrial strains.

Experimental procedures
=======================

Strains and culture conditions
------------------------------

The *Escherichia coli* strain, K12 XL1-Blue, was used for general plasmid construction and maintenance (Bullock *et al*., [@b14]; Sambrook and Russell, [@b69]). Standard protocols were used for cloning and propagation of recombinant plasmids (Sambrook and Russell, [@b69]). All wild-type and recombinant *P. chrysogenum* strains investigated in this study are summarized in Table S2. Strains were grown at 27°C with shaking (120 r.p.m.) in liquid complete culture medium (CCM). For solid media, we used CCM or M322, as previously described (Minuth *et al*., [@b53]; Hoff *et al*., [@b37]). All liquid and solid media were inoculated with 10^7^ spores from freshly prepared spore suspensions derived from cultures grown on M322 medium for 3--4 days.

Transformation
--------------

DNA-mediated transformation of *P. chrysogenum* strains was performed as recently described (Hoff *et al*., [@b37]).

Construction of *MAT1-2-1* deletion strains
-------------------------------------------

For characterization and *in vitro* recombination, the complete *MAT* locus of Pc3 was amplified and sequenced with primer pairs 3 × 4, 5 × 9 and 6 × 7 (Table S3). For *MAT1-2-1* deletion mutants (ΔMAT1-2-1), we used a previously described deletion vector (Böhm *et al*., [@b12]; Table S1), which was amenable, due to the highly conserved flanking regions of *MAT1-1-1* and *MAT1-2-1*. This vector was designed to substitute the native *MAT1-2-1* gene in Pc3 with the phleomycin resistance cassette ([Fig. S4B](#sd1){ref-type="supplementary-material"}). The plasmid was linearized with the restriction enzymes, *Mlu*I and *Not*I, and the resulting 4.0 kb fragment was used to transform Pc3. The resulting transformants were screened and analyzed, as described previously (Hoff *et al*., [@b37]). Purified DNA from single ΔMAT1-2-1 spore isolates was used to verify the complete lack of the *MAT1-2-1* gene by Southern hybridization analysis ([Fig. S4B](#sd1){ref-type="supplementary-material"}).

Plasmid and strain construction of complementation strains
----------------------------------------------------------

For construction of the *MAT1-2-1* complementation plasmid, 1 156 bp of the 5′ region together with the entire *MAT1-2* locus was amplified by PCR using primer pair 5FMAT2inf_f and 5FMAT2inf_r. Fusion via In-Fusion cloning (Clontech® Laboratories Inc., USA) with the PstI-BamHI fragment of plasmid pKOku70 resulted in the construction of vector pKOku70MAT2. Subsequently, 1168 bp of the 3′ region amplified with primer pair 3FMAT2inf_f and 3FMAT2inf_r was fused via In-Fusion cloning with the SalI fragment of plasmid pKOku70MAT2. The resulting plasmid pKompMAT2 carried the *MAT1-2-1* gene, under the control of the native promoter, and the NAT gene as a selectable marker. For complementation analysis, the ΔMAT1-2-1 T10 strain was transformed with plasmid, pKompMAT2. The successful rescue of the *MAT1-2-1* gene was verified by Southern hybridization, and the corresponding strains were designated ΔMAT1-2-1::MAT1-2-1 ([Fig. S4B](#sd1){ref-type="supplementary-material"}).

Construction of *MAT1-2-1* overexpression strains
-------------------------------------------------

For generating *MAT1-2-1* overexpression strains, the pPgpd-MAT-2-ptrA plasmid was transferred into both P2niaD18 and Pc3. The resulting transformants were selected with pyrithiamine-supplemented agar plates because the construct carried the *ptrA* resistance gene. Positive transformants were named P2MAT2-OE or Pc3MAT2-OE respectively. Copy numbers of integrated plasmids were determined by Southern hybridization with a ^32^P-radiolabeled *MAT1-2-1* probe ([Fig. S3A and B](#sd1){ref-type="supplementary-material"}).

Spore quantification assay
--------------------------

To quantify conidiospores, for each strain, four Petri dishes with solid CCM were inoculated with 200 μl of a suspension containing 10^7^ spores. Two dishes were incubated in constant light, and two in complete darkness for 168 h. From each plate, a defined area of about 1 cm^2^ was cut out, and the spores were counted with a hemocytometer.

Light microscopy
----------------

Microscopic observations of spore germination, hyphal morphology and pellet quantification assays were performed as previously described (Hoff *et al*., [@b36]; Böhm *et al*., [@b12]). To quantify spore germination, in all cases, 400 conidia from each strain were analyzed with light microscopy after growth for 6, 9, 12, 15, 18 and 48 h on CCM-slides.

Nucleic acid isolation, cDNA synthesis and qRT-PCR
--------------------------------------------------

Nucleic acid preparations, hybridizations, cDNA synthesis and qRT-PCR analyses were carried out as described recently (Hoff *et al*., [@b36]). qRT-PCR was conducted with the following modifications: the PromegaGoTaq® qPCR Master Mix was used as recommended by the manufacturer, and the incubation cycles were performed on a StepOnePlus™ Real-Time PCR System (Applied Biosystems, Life Technologies, Darmstadt, Germany) with the primers listed in Table S3.

Crossing experiments
--------------------

Crossing strains with different mating types were conducted as previously described, with some modifications (Böhm *et al*., [@b12]). After isolation, the fruiting bodies were added to 200 μl sterile water supplemented with glass beads. The samples were then heated at 60°C for 30 min and vortexed for 5 min; then, aliquots (50 μl) were plated on oatmeal agar with biotin, incubated at 27°C and examined daily for germinating ascospores. Isolated ascospores were characterized and analyzed by RFLP as previously described (Böhm *et al*., [@b12]). Progeny of the cross between AS25 and P2niaD18 were named AS25- with continuous numbers.

DNA sequencing and analysis
---------------------------

Genomic DNA was obtained from the *P. chrysogenum* strains Pc3, AS25 and AS25-3, as previously described, and sequenced with an Illumina HiSeq 2000 at GATC Biotech AG (Konstanz, Germany). The wild-type strain, Pc3, was sequenced with a paired-end sequencing strategy, in 100 nt reads, and an expected insert size of ∼ 300 bp. The progeny strains, AS25 and AS25-3, were sequenced in 50 nt single-end reads. Raw sequencing data from next-generation sequencing have been deposited in the NCBI sequence read archive (<http://www.ncbi.nlm.nih.gov/sra>) under the accession numbers SRR1462342 for Pc3, SRR1462340 for AS25 and SRR1462341 for AS25-3. The genomic sequences of *P. chrysogenum* P2niaD18 is available at DDBJ/EMBL/GenBank under the accession no. JMSF00000000 (Specht *et al*., [@b72]) and the *de novo* assembled scaffolds of strain Pc3 (IB 08/921) has been deposited under the accession no. JPDR00000000. The MultAlign program (<http://multalin.toulouse.inra.fr/multalin/>) was used for sequence alignment, and GeneDoc (<http://iubio.bio.indiana.edu/soft/molbio/ibmpc/genedoc-readme.html>) was used for display.

Genome assembly and mapping
---------------------------

The raw sequence reads were processed with quality score-based filtering and trimming with Trimmomatic v0.30 (Bolger *et al*., [@b9]). The processed reads of Pc3 were used for *de novo* assembly with the Velvet assembler v1.2.10 (Zerbino and Birney, [@b76]). Detailed descriptions of the parameters used with Trimmomatic and Velvet programs are provided (File S1). To detect chromosomal architecture variations between the Pc3 and P2niaD18 strains, the resulting Pc3 scaffolds were aligned to the genomic sequence of P2niaD18 with BLAST and CONTIGuator v2.7.3 (Altschul *et al*., [@b1]; Galardini *et al*., [@b28]). The filtered and trimmed reads of all three sequenced strains were mapped against a reference genome with bowtie2 v2.1.0 (Langmead and Salzberg, [@b47]). The resulting SAM files were processed with SAMtools v0.1.19 (File S1; Li *et al*., [@b49]).

SNP discovery and sequence comparisons
--------------------------------------

SNPs were extracted from high-throughput DNA-sequencing data with mpileup, available in the SAMtools package (Li *et al*., [@b49]). For this purpose, the processed reads were mapped to a parental reference genomic sequence; the parameters for mpileup and further information are given in File S1. To characterize AS25, SNP discovery was performed with the *de novo* assembled scaffolds of Pc3 as reference. For isolate AS25-3, the P2niaD18 genome sequence was used as reference (Specht *et al*., [@b72]). In addition, the processed reads of AS25 were used for SNP calling in the P2niaD18 genome.

The resulting SNPs were used to identify the origin of genomic regions in the progeny strains. For this purpose, consensus sequences of Pc3, AS25-3 and AS25 were assembled with the mpileup consensus function, and a custom-made Perl script was used to compare SNPs between parental sequences and a descendant consensus sequence ([Fig. S10](#sd1){ref-type="supplementary-material"}). All SNPs with a minimum quality score of 50 and an allele frequency of 1.0 were considered high-quality SNPs, and they were divided into three categories. The first two categories represented SNPs that could be assigned to one of the two parental strains; the third category represented SNPs that could not be assigned to either of the parents, or were ambiguous, due to low coverage. To guarantee reliable results, we further considered SNPs certain when they were located in the consensus sequence, but as unclear in regions filtered out by varFilter due to insufficient read depth. To identify differently inherited regions in the progeny genome, we performed a comparison between the progeny consensus sequence and each parental SNP. Furthermore, we implemented a sliding window analysis with a custom-made Perl script. To estimate background noise and to clearly identify differentially inherited genomic regions, we integrated all uniquely allocated parental SNPs and the vague or inconsistent results into our analysis. For this purpose, we computed a quality score for each sliding window, based on the number of total SNPs and the number of SNPs that could be allocated to one of the parental strains. All SNPs assigned to a parental strain were assigned the value of −1 or 1, and for each window separately, the sum of these values was divided by the total number of analyzed SNPs. The resulting score for each window was taken as an indication of the genomic origin, and only windows with scores ranging between −1.0 and −0.5 or 0.5 and 1.0, respectively, were considered as reliable.

SNP validation
--------------

To validate the accuracy of SNP predictions, PCR analyses were performed, and the products were sequenced with an ABI 3130xl (Department of Chemistry and Biochemistry, Ruhr-University, Bochum, Germany). In addition, we designed primers (Table S3) to verify meiotic crossing-over events. In total, 77 SNPs were validated, and three putative recombinant loci were amplified from parental and progeny strains and Sanger sequenced. To evaluate the resulting sequences, alignments for multiple sequences were performed with Clustal-Omega (Sievers *et al*., [@b71]) and analyzed manually.
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